Abstract-Surface-wave has been proven to be the third option between wired and wireless communication. It has been proposed to be utilised for inter-machine and on-body communications, because of its on-surface two-dimensional feature. It provides a flexible two-dimensional platform and shows many advantages such as power savings, excellent electromagnetic compatibility characteristic, non-line-of-sight communication over traditional space wave wireless communication systems. When compared to wired systems, surface wave systems can provide a wide band channel for one-to-many/many-to-one communications. This work we will demonstrate our recent work in the concept of surface wave gain and formulate the surface wave wireless link equation for the first time. A 52 GHz 3-dB bandwidth test bed was constructed to validate the theoretical and simulation results in the proposed method and equation.
As the extension of our work reported, [16] , [17] , in surfacewave excitation efficiency, the relationship between the SW excitation efficiencies, the aperture height, surface reactance and optimum surface reactance, and the directional propagation characteristic of an aperture transducer study, we will present our recent work in the concept of surface wave gain and the deviation of the surface wave wireless link equation for the first time. A 52 GHz 3-dB bandwidth test bed was constructed to validate the theoretical and simulation results in the proposed method and equations.
II. THE SURFACE WAVE LINK EQUATION
The link budget equations provide important information to evaluate the performance of a SW communication system. Although some work has been reported recently, a general equation is not available yet. In [14] , the SW link power dissipation was calculated based on the transmission line model, and the parameters are extracted from the measured results in [13] . Hence the proposed model in [14] is only applicable to the specific surface wave communication system consisting of the particular transducers and surface reactance used in [13] . The concept of surface wave gain and the angular coverage characteristics were not considered. In this section, the link budget equation of the surface wave communication systems is introduced. The basic surface wave communications link, shown in Fig. 1 , identifies the basic parameters of the link.
The parameters of the link are defined as: P t = input power (watts); P r = received power (watts); G t = transmitting transducer gain; G r = receiving transducer gain; and R = separation between the transmitting and receiving transducers (meters). 
A. The gain of a surface wave transducer
As shown in Fig. 2 , consider a surface wave propagating along a reactive surface from a point source S of power P t . The wave propagation is isotropic over the surface, i.e. radially propagation from the point source S. The normalized propagation pattern of an isotropic transducer is simply a circle of a unit radius in the φ-direction; the total power is therefore 2π for the complete surface. According to the law of conservation of energy, for the directivity function of any other transducer, the value of the integral is the same. Thus The solution of Eq. 1 is:
Similar to antenna directivity in space wave, the SW directivity can be defined as the ratio of the power intensity of the transducer in a particular direction and that of an isotropic source fed by the same amount of power. Since the directivity of an isotropic source is 1, it is then obvious that the directivity of a directional transducer can be expressed as
Where the factor
represents the directivity of a uniformly illuminated constant phase aperture; η a = 81.8% is the aperture efficiency of the transducer defined as ratio of power loss due to non-uniform cosine amplitude distribution over the excitation aperture width.
Further, if all the losses are included, we can obtain the gain expressed as
where η is the total efficiency of the transducer and can be defined as
where η s is the surface wave excitation efficiency depending on the aperture height and surface reactance, η r is the reflection (impedance mismatch) efficiency, η m is the dielectric/conduction efficiency due to not ideal material.
It is then obvious that the surface wave gain is proportional to the aperture width W/λ. Note also that the effective aperture width can be expressed as
Then, the scope of application of the cosine function model adopted in this paper will be discussed. Using Eq. 3, the surface wave directivity expressed in dB, will be
When, we can find the minimum surface wave G min :
Using the equation
derived in [16] , we can obtain
Hence, the minimum aperture width corresponding to the minimum surface wave gain can be found is
If the width is less than D min , the proposed model will be invalid. In fact, the transducer with the width less than 0.6λ 0 is not desirable because of the poor impedance matching.
B. Power Flux Density
The power flux density PFD r (please refer to Fig. 1 ), usually expressed in Wm -2 , at the distance R from the transmitting transducer with a transducer gain G t , is defined as
This relationship demonstrates that the power density of a surface wave propagating from a source is inversely proportional to the distance from the source not to the wellknown inverse square law of space wave radiation.
C. Basic Link Equation for Received Power
We now have all the elements necessary to define the basic link equation for determining the received power at the receiver terminals for a surface wave communications link. Consider now a receiver with the gain G r located a distance R from a transmitter of P t watts and transducer gain G t , as shown in Fig. 1 The power P r intercepted by the receiving transducer will be
Substituting Eq. 6 into Eq. 12 and Eq. 13 yields 
Rearranging Eq. 14 into 
D. Experimental setup
To verify the proposed theoretical study, an experiment setup as shown in Fig. 3 was built. Two SW transducers based on the theoretical results centered at 60 GHz for covering the millimeter-wave frequency range are designed. The separation between the two transducers was fixed at 140 mm (28 λ 0 at 60 GHz) for the measurement. A Keysight N5250A-017 millimeter-wave network analyzer was used for the transmission (S21) test of the surface wave platform. The network analyzer was first calibrated and normalized to eliminate the cable effect and the impedance mismatch of SW transducers, i.e. S 21 equals 0 dB when the two transducers were directly connected. Then the two transducers are placed on a piece of conventional microwave substrate. Taconic TLY-5 microwave substrate (ε r = 2.2, thickness = 0.38 mm, loss tangent at 10 GHz = 0.0009, 300 × 300 mm 2 ) was selected based on the surface impedance (X s ) it can provide and the low dielectric loss when compared to other microwave substrates available in the university. The surface impedance of the Taconic TLY-5 substrate at 60 GHz is j100Ω which was evaluated by using Eq. 3 and Eq. 4 described in [7] . (4) and the thickness of the dielectric layer, h sub , its dielectric constant, ε r , the frequency of operation, f, and conductivity σ. 
E. Experimental Results
The measured transmission on the SW platform is shown in Fig. 3 . It can be observed that the 3dB-transmission-bandwidth is about 52 GHz from 34.4 to 86.4 GHz. Theoretically, such SW platform can support communication systems require data rate in the order of tens of Gbps. Moreover, the average transmission over the 140 mm separation is about -16dB, which is much higher than that of the free space communication. The measured results generally follow the trend of the simulated results, both results match well with each other below 45 GHz, and the discrepancy starts to increase to about 1dB up to 60 GHz, but it increases further to 3 dB after 60 GHz. The authors suspect such difference may cause by the relative higher dielectric loss at higher frequency in the microwave substrate. As explained, the surface impedance of the presented model is only j100 Ω, rather than the optimal j250 Ω reported in [16] , it is also expected that the transmission will be higher if the SW platform is realized by a proper microwave substrate, although the transmission bandwidth will be of similar order. 
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